Peroxisome proliferator-activated receptor ␥ (PPAR␥) plays a crucial role in adipocyte differentiation, glucose metabolism, and other physiological processes. To further explore the role of PPAR␥ in adipose tissues, we used a Cre͞loxP strategy to generate adipose-specific PPAR␥ knockout mice. These animals exhibited marked abnormalities in the formation and function of both brown and white adipose tissues. When fed a high-fat diet, adiposespecific PPAR␥ knockout mice displayed diminished weight gain despite hyperphagia, had diminished serum concentrations of both leptin and adiponectin, and did not develop glucose intolerance or insulin resistance. Characterization of in vivo glucose dynamics pointed to improved hepatic glucose metabolism as the basis for preventing high-fat diet-induced insulin resistance. Our findings further illustrate the essential role for PPAR␥ in the development of adipose tissues and suggest that a compensatory induction of hepatic PPAR␥ may stimulate an increase in glucose disposal by the liver.
T
he peroxisome proliferator-activated receptor (PPAR) subfamily of nuclear receptors controls many different target genes involved in both lipid metabolism and glucose homeostasis (1) . By forming heterodimers with the retinoid X receptor, they regulate the transcription of many genes in a ligand-dependent manner (2) . PPAR␥, a member of this subfamily, is expressed at high levels in white and brown adipose tissue and to a lesser extent in macrophages, colon, kidney, and liver (3) , where it plays a major role in many different biological processes including adipogenesis, glucose homeostasis, atherogenesis, inflammation, and tumor susceptibility (4) .
PPAR␥ is activated by endogenous arachidonic acid metabolites such as 15-deoxy-delta 12, 14 prostaglandin J2 (5) and is the target for binding by a class of compounds, termed the thiazolidinediones, that act as insulin sensitizers and are used to treat type 2 diabetes (6). However, it remains unclear precisely how activation of PPAR␥ leads to an improvement in insulin sensitivity. Loss-of-function PPAR␥ mutations that have been identified in humans cause insulin resistance suggesting a role for PPAR␥ in insulin signaling (7) . In contrast, individuals carrying the Pro12Ala mutation have greater insulin sensitivity, despite the fact that this mutation decreases receptor activity (8) . In addition, heterozygous PPAR␥-null mice exhibit greater insulin sensitivity than wild-type littermates and are also protected from the development of insulin resistance mediated by a high-fat diet (HFD) (9, 10) .
Efforts to gain a greater understanding of the multiple roles that this receptor plays in both cell development and function in vivo have been limited by the early embryonic lethality of global PPAR␥ null mice (10, 11) . For this reason, we and others have used Cre͞loxP strategies to further elucidate the tissue-specific functions of this gene (12, 13) . Here we describe studies in which PPAR␥ was eliminated specifically in adipose tissues of mice (PPAR␥ adiposeKO). These mice exhibit reduced fat formation, are protected from the development of HFD-induced obesity and insulin resistance, and exhibit a phenotype that is distinct from that of other lipodystropic mice. Thus, PPAR␥ adiposeKO mice represent a model for lipodystrophy, and their characterization has provided additional insights into physiological roles of this important receptor.
Methods
Generation of PPAR␥ AdiposeKO Mice. PPAR␥ adiposeKO mice (aP2-Cre͞PPAR␥ lox/lox ) were generated by intercrossing mice bearing a conditional PPAR␥ allele (PPAR␥ lox ) (14) with two lines of mice that express Cre under control of the aP2 promoter͞enhancer (aP2-Cre) (15) . Littermates lacking the aP2-Cre transgene were used as controls. Most analyses used line 1 aP2-Cre mice (15). Line 2 animals, which did not show defects in brown adipose tissue (BAT) formation, also exhibited improved glucose tolerance and resistance to the development of HFD-induced obesity.
Analytical Procedures. Glucose tolerance tests were performed after a 16-h overnight fast by an i.p. injection of dextrose (1 mg per g of body weight). Blood glucose concentrations were determined with a Hemocue blood glucose analyzer (Mission Viejo, CA). Plasma insulin, leptin, and adiponectin levels were measured by RIA using kits from Linco Research (St. Charles, MO). Plasma triglycerides were measured by using Triglycerides GPO Reagent (Raichem, San Diego).
In Vivo Glucose Kinetics. Euglycemic-hyperinsulinemic clamp studies were performed as described (18) . Chronically cannulated, conscious mice (30-45 weeks old) were fasted 16 h before the study. To determine tissue-specific glucose uptake, 20 Ci of [1- 14 C]2-deoxyglucose was given as a bolus 30 min before the end of the study (1 Ci ϭ 37 GBq). Somatostatin (3 g͞kg͞min), glucagon (5 ng͞kg͞min), and insulin (10 milliunits͞kg͞min) were infused throughout the clamp study. Glucose was infused at a variable rate to maintain blood glucose levels at 150 mg͞dl. At the end of the study, mice were anesthetized, and tissues were quickly removed and frozen in liquid nitrogen. Glucose turnover rate, glycolytic rate, endogenous glucose production, tissue-specific glucose uptake, and hepatic glycogen synthesis were all calculated as described (18) (19) (20) .
Statistical Analysis. All results are expressed as mean Ϯ standard deviation. Statistical significance was determined by using the paired Student's t test with the following exceptions: food intake, activity, plasma insulin, glucose turnover rate, glycolytic rate, and glucose uptake were analyzed by using the unpaired Student's t test. Hepatic glycogen synthesis was analyzed by the nonparametric Mann-Whitney test.
Results

PPAR␥ AdiposeKO Mice Exhibit Reduced Fat
Mass. PPAR␥ adiposeKO mice, generated by intercrossing animals bearing a conditional PPAR␥ allele (PPAR␥ lox ) (14) with those bearing an aP2-Cre transgene (15) , were born at the expected Mendelian frequency but found to lack interscapular BAT (iBAT) and to have a marked reduction in interscapular white adipose tissue (iWAT) ( Fig. 1 A and B) . The small amount of residual interscapular adipose tissue in the PPAR␥ adiposeKO mice lacked UCP1 mRNA, a marker for iBAT (Fig. 1C) . The iWAT from the PPAR␥ adiposeKO mice displayed increased fibrosis and vascularization (see Fig. 3D ), as did the perigonadal WAT (pgWAT) of these animals (data not shown). Expression of PPAR␥ mRNA in the WAT of these animals was almost totally ablated by 19 weeks of age (see Fig.  4A ). No BAT was observed in this line of mice as early as 4 weeks of age, consistent with PPAR␥ playing an essential role in the development of this tissue.
PPAR␥ AdiposeKO Mice Are Protected from HFD-Induced Obesity. To investigate the effects of diminished PPAR␥ in WAT on both lipid storage and diet-induced insulin resistance, mice were placed on either a standard diet (SD) or HFD. PPAR␥ adiposeKO mice had less iWAT and pgWAT than controls when fed a HFD (Fig. 1B) . In the lean (SD) group, male PPAR␥ adiposeKO mice initially weighed less than littermate controls, but this difference disappeared by 15 weeks of age (Fig. 1D ). In the obese (HFD) group, male adiposeKO mice gained less weight than controls (Fig. 1D ). The decrease in weight gain on HFD was similar for female PPAR␥ adiposeKOs, but did not become significant until the mice were 19 weeks of age (data not shown). NMR measurements showed that, before weaning, PPAR␥ adiposeKOs had less total body fat than controls (Fig. 1E ). PPAR␥ adiposeKOs maintained on a HFD for 20 weeks exhibited a significant reduction in body fat compared to littermate controls. Analysis of food intake showed no differences among the groups on SD, although PPAR␥ adiposeKOs on the HFD were hyperphagic compared to control littermates ( Fig. 2A) . However, both oxygen consumption ( Fig. 2B ) and activity ( Fig. 2C ) were increased in PPAR␥ adiposeKO mice receiving HFD, suggesting that loss of PPAR␥ expression in adipose tissues may suppress the hypoactivity normally seen in diet-induced obesity (21) .
Lipid Deposition Is Altered in PPAR␥ AdiposeKO Mice. Although the total body weights of PPAR␥ adiposeKO mice on the HFD were less than that of controls, both male and female PPAR␥ adiposeKO mice exhibited a 1.5-fold increase in liver weight (Fig. 3A) . Oil Red O staining of liver sections from PPAR␥ adiposeKO mice on the HFD showed a marked increase in lipid deposition compared to controls, and a higher level of staining was also observed in livers of PPAR␥ adiposeKO mice fed the SD (Fig. 3C ). In addition, Oil Red O staining of skeletal muscle revealed lipid deposition in sections taken from PPAR␥ adiposeKO mice on HFD (data not shown). Plasma triglycerides were increased in adiposeKO mice on the SD to a level similar to that for both control and adiposeKO mice on the HFD (Fig. 3B) . Thus, the loss of WAT mass in these mice leads to increased plasma triglyceride levels and subsequent lipid deposition in liver and skeletal muscle. Coincident with this, PPAR␥ gene expression was up-regulated in the liver (Fig. 4A) .
PPAR␥ Target Gene Expression Is Altered in AdiposeKO Mice.
To determine the molecular consequences of PPAR␥ deletion, we measured the expression of both CD36 and Glut4, two genes regulated by PPAR␥ (22, 23) . CD36 was not detected in iWAT and was expressed at very low levels in pgWAT taken from PPAR␥ adiposeKO mice on HFD (Fig. 4B) , but was up-regulated in both liver and skeletal muscle. Expression of Glut4 was also decreased in adipose tissues of PPAR␥ adiposeKO mice (Fig. 4C) . These data suggest that the loss of PPAR␥ gene expression in fat likely impairs the expression of all genes that are regulated by this receptor, thereby inducing a marked lipodystrophy because the genes that require PPAR␥ for expression often play essential roles in both glucose and fatty acid uptake and metabolism (24) (25) (26) .
Metabolic Consequences of Adipose-Specific PPAR␥ Deletion. To assess the effect of the lack of PPAR␥ in adipose tissues on glucose homeostasis, we first performed i.p. glucose tolerance tests on animals fed either a standard or HFD. Fasting blood glucose levels were similar between the controls and adiposeKOs (SD: 107 Ϯ 24 mg͞dl, control and 113 Ϯ 25 mg͞dl, adiposeKO; HFD: 141 Ϯ 23 mg͞dl, control and 140 Ϯ 36 mg͞dl, adiposeKO). Whereas the obese control animals exhibited sustained hyperglycemia after the glucose bolus, the PPAR␥ adiposeKO mice on the HFD exhibited blood glucose concentrations that were indistinguishable from those of lean controls (Fig. 5A) . Plasma insulin levels were also lower in PPAR␥ adiposeKO mice fed HFD (Fig. 5B) , consistent with near normal insulin sensitivity in these animals.
To determine whether the improved glucose tolerance observed in PPAR␥ adiposeKO mice on HFD was due to increased insulin sensitivity, we measured whole body glucose disposal rates. Whereas the rates were similar between the groups on SD (Fig. 6A) , when fed a HFD the PPAR␥ adiposeKO mice exhibited glucose disposal rates that were much greater than the controls, but similar to the glucose disposal rates observed for mice fed the SD. Moreover, whereas the whole body glycolytic rate was significantly reduced in control mice on HFD (Fig. 6B) , the glycolytic rate of PPAR␥ adiposeKOs on HFD was comparable to that of mice on the SD. Interestingly, despite improved whole body glucose uptake, the PPAR␥ adiposeKO mice on the HFD had a marked reduction in glucose uptake in skeletal muscle, similar to that of the insulin resistant controls (Fig. 6C) . Mice in all groups were able to completely suppress hepatic glucose production during hyperinsulinemia (data not shown). However, hepatic glycogen synthesis via the direct pathway, which serves as an index of hepatic glucose disposal, was increased in adiposeKO mice fed a HFD (Fig. 6D) . Total hepatic glycogen content was also increased in these animals (Fig. 6E) . When considered in light of the 1.5-fold increase in liver weight in the PPAR␥ adiposeKO mice on HFD, the increase in glycogen synthesis, if normalized to total liver mass, would be even more pronounced than Fig. 6D suggests. Taken together, the results from the euglycemic-hyperinsulinemic clamp studies show that although the PPAR␥ adiposeKO mice develop impaired glucose transport in skeletal muscle when placed on a HFD, they are protected from the development of whole body insulin resistance by an increase in hepatic glucose metabolism, further demonstrating an essential role for the liver for maintaining glucose homeostasis (27) .
Adiponectin and resistin are thought to regulate insulin sensitivity in a reciprocal manner (28, 29) . Measurement of adiponectin gene expression showed that it was decreased in both iWAT and pgWAT of PPAR␥ adiposeKO mice on HFD (Fig. 4D) compared to controls. Plasma levels of adiponectin were also reduced in PPAR␥ adiposeKO mice on HFD compared to controls (P Ͻ 0.05, data not shown). Interestingly, adiponectin gene expression was increased in livers from PPAR␥ adiposeKO mice on HFD, although expression was Ϸ1,000-fold less than in adipose tissue (P Ͻ 0.05, data not shown). On the other hand, resistin gene expression was down-regulated in both iWAT and pgWAT taken from PPAR␥ adiposeKOs on HFD (Fig. 4E) , consistent with this fat-derived hormone contributing to the improved insulin sensitivity in the knockout animals. Previous studies of PPAR␥ heterozygous null mice have suggested that increased plasma leptin levels play a key role in protecting these animals from obesity and insulin resistance induced by high-fat feeding (10, 30) . However, unlike the global heterozygous PPAR␥-deficient mice that have both increased plasma leptin concentrations and improved leptin sensitivity, PPAR␥ adiposeKO mice on a HFD exhibited a Ͼ10-fold reduction in plasma leptin (Fig. 5C ). Because PPAR␥ is thought to repress leptin gene transcription (31, 32) , the reduction in plasma leptin concentration in PPAR␥ adiposeKO mice most likely results from a decrease in WAT mass and not from diminished PPAR␥ expression.
Discussion
Mice lacking PPAR␥ specifically in adipose tissues exhibited marked abnormalities in both the formation and function of brown and white adipose tissues, as would be expected from previous studies of PPAR␥ global KO mice (10, 11) . The preservation of 5-6 ). For all experiments, gene expression levels were normalized to 18S levels. * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001 versus controls.
glucose tolerance and insulin sensitivity in animals on the HFD did not appear linked to the loss of BAT because studies of a second line of PPAR␥ adiposeKO mice, which still had interscapular BAT, also exhibited normal glucose tolerance in response to high-fat feeding (data not shown). Although it was not possible to control for the weight differences between the PPAR␥ adiposeKO and control mice, other lipoatrophic models exhibit pronounced insulin resistance (33) . Thus, the protection against HFD-induced insulin resistance observed in PPAR␥ adiposeKO mice does not appear to be due simply to reduction of white fat.
The phenotype of PPAR␥ adiposeKO mice is less severe than that of PPAR␥ hypomorph mice (34) . This finding is understandable because the latter model, which exhibits severe lipodystrophy and premature lethality, has virtually no WAT. Indeed, the marked differences in the amount of WAT in these two models, likely brought on by the different deletional strategies used, may provide useful insights into the essential functions of PPAR␥ at different developmental stages. In the hypomorphs, PPAR␥2 is eliminated before adipose development so adipose tissue is never formed. In contrast, because aP2 gene expression does not peak until the adipocyte is mature, PPAR␥ is likely deleted at a later developmental stage in the PPAR␥ adiposeKO mice. Studies in which PPAR␥ was selectively ablated in mature adipocytes by using a tamoxifen-inducible recombination system (35) provide further support for the notion that the timing of recombination is a vital factor in determining the total adipose mass, because the reduction in adipose tissue weight was not as severe in these animals as in other models.
The phenotypic differences between our adiposeKO mice and another aP2-Cre-mediated PPAR␥ knockout model are more surprising (36) . Fat PPAR␥-deficient (FKO␥) mice (36) are similar to our model with respect to increased triglycerides, decreased plasma leptin and adiponectin, hepatic steatosis, comparable systemic insulin sensitivity on SD, and reduced weight gain on HFD. However, when challenged with a HFD, the FKO␥ mice become hyperinsulinemic and exhibit insulin resistance in both fat and liver but not in muscle. In contrast, when fed a HFD, the PPAR␥ adiposeKOs exhibited diminished glucose uptake in muscle, which suggests insulin resistance in that tissue, but increased glucose utilization in liver, thereby causing an overall improvement in systemic insulin sensitivity. Although the conditional PPAR␥ alleles in these animals were very similar, different aP2-Cre transgenes were used. Thus, the phenotypic discrepancies between the two models may simply reflect differences in recombination timing and͞or efficiency. Studies that directly compare the FKO␥ and PPAR␥ adiposeKO models may be necessary to be able to understand the basis of the different metabolic phenotypes.
The impaired function of WAT in the PPAR␥ adiposeKO mice leads to an increase in the uptake of lipid into both the liver and skeletal muscle. However, despite an increase in lipid storage by these tissues, PPAR␥ adiposeKO mice are protected from developing HFD-induced obesity and insulin resistance. Our findings suggest that several mechanisms may be involved. First, the loss of PPAR␥ expression in WAT leads to increased activity and energy expenditure in mice on HFD. Whether this results from a direct effect on energy metabolism, or is simply the consequence of reduced body fat, remains uncertain, although the hyperphagia of these mice is more consistent with the former possibility. Second, loss of PPAR␥ expression in adipose tissues leads to an increase in both hepatic PPAR␥ and CD36 gene expression. Although both the mechanisms for, and effects of, the induced hepatic PPAR␥ gene expression remain to be explored, we suggest that the induction of PPAR␥ may be the trigger that leads subsequently to the rise of CD36 in the liver and both CD36 and Glut4 in muscle.
The marked decrease of adiponectin expression in WAT, as well as the lower plasma concentrations of this protein in the PPAR␥ adiposeKO mice, suggests that adiponectin produced by fat cannot account for the improved insulin sensitivity. However, it is possible that the increase in hepatic adiponectin gene expression may contribute to improved glucose metabolism in the liver via a paracrine or autocrine mechanism, although the adiponectin expression in liver is much lower than that found in WAT. Similarly, it remains to be determined whether the markedly diminished adipocyte resistin expression that was observed in the PPAR␥ adiposeKOs might contribute to an improvement in hepatic glucose utilization.
The improved insulin sensitivity in the PPAR␥ adiposeKO mice on a HFD coincides with an increase in hepatic PPAR␥ mRNA. Thus, the induction of hepatic PPAR␥ in response to the lack of this molecule in adipose tissues may play an important role in protecting these mice from HFD-induced insulin resistance, although the possibility that other unidentified proteins secreted by fat might be acting to impair the ability of insulin to regulate metabolism in liver and muscle cannot be ruled out (37) . Recently, Matsusue et al. (38) have shown that the absence of hepatic PPAR␥ in leptin-deficient mice aggravates the diabetic phenotype, whereas it diminishes hepatic steatosis. Similarly, Gavrilova et al. (12) have also shown that the liver is the primary site of thiazolidinedione (TZD) action in lipoatrophic mice, because inactivation of hepatic PPAR␥ abolishes the hypoglycemic and hypolipidemic effects of TZD treatment. In addition, functional PPAR response elements have been identified in the promoters of GLUT2 and glucokinase in the liver. Given that modulation of these genes in liver has been shown to directly affect both glycolysis and glycogen synthesis (39, 40) , it is very plausible to suggest that the increased hepatic PPAR␥ expression observed in the PPAR␥ adiposeKO mice may responsible for the improved insulin sensitivity that we have described.
